We investigate the effect of surface acoustic waves on the atomic-like optical emission from defect centers in hexagonal boron nitride layers deposited on the surface of a LiNbO3 substrate. The dynamic strain field of the surface acoustic waves modulates the emission lines resulting in intensity variations as large as 50%. From a systematic study of the dependence of the modulation on the acoustic wave power, we determine a hydrostatic deformation potential for defect centers in this two-dimensional (2D) material of about 40 meV/%. Furthermore, we show that the dynamic strain and piezoelectric fields of the acoustic wave contribute to the stabilization of the optical properties of these centers. Our results show that surface acoustic waves are a powerful tool to modulate and control the electronic states of 2D materials.
Defect centers in solids have attracted much attention recently due to their atomic-like optical emission characterized by strong and sharp lines. Typical examples are the nitrogen-vacancy defects in diamond [1] and defect centers in SiC [2] . These centers act as single photon sources thus becoming promising candidates for application in quantum information processing. One of the challenges related to these luminescence centers in solids is to find mechanisms for the efficient control of their optoelectronic properties. To this end, surface acoustic waves (SAWs) are an interesting approach, because their strain and piezoelectric fields oscillating with frequencies in the range of hundreds of MHz can couple efficiently to defect centers placed close to the surface of the vibrating substrate [3, 4, 5] .
In this manuscript, we discuss the dynamic modulation of optically active centers in hexagonal boron nitride (h-BN) by SAWs. h-BN is a two-dimensional (2D) crystal with a graphene-like honeycomb atomic lattice. Contrary to graphene, h-BN displays a wide energy band gap (~6 eV), which makes it an exceptional insulator in e.g. van der Waals heterostructures [6] . It has recently been demonstrated that h-BN can host defect centers acting as single photon emitters in both the visible [7, 8, 9, 10, 11, 12, 13, 14, 15, 16] and ultraviolet spectral ranges [17] , making this material promising for quantum optics. To this end, it is necessary to develop techniques for the tuning of their emission energies. This can be achieved by applying either static strain [18] or electric fields [19] . Here, we demonstrate that SAWs can couple to defect centers contained in two kinds of h-BN samples, namely multilayer-thick flakes and few-layer-thick films.
The samples containing multilayer h-BN flakes with a thickness of about 200 nm and a lateral size of about 1 μm (obtained from Graphene Supermarket) were prepared by drop-casting the flakes on a 127ºY-cut LiNbO3 substrate, followed by an annealing step at 850 °C for 30 min. in an Argon atmosphere (1 Torr) to activate their emission properties [7, 8] . Finally, SAW delay lines consisting of pairs of interdigital transducers (IDTs) were patterned on the LiNbO3 by optical lithography and lift-off metallization, cf. Fig. 1(a) . In contrast, the few-layer-thick h-BN films (about 1 nm thick) were grown on nickel by molecular beam epitaxy (MBE) [20] . Then, an area of about 7×6 mm 2 was transferred onto the LiNbO3 using a wet transfer technique [21] and without any post-transfer annealing. In this case, the LiNbO3 was patterned with acoustic delay lines before transferring the h-BN film. The samples were investigated in a He cryostat adapted for micro-photoluminescence (μ-PL) measurements with a spatial resolution of about one μm (Attocube Confocal Microscope). The experiments were performed at a nominal temperature of 5 K. The defect centers were optically excited by a 532 nm solid-state laser beam focused onto the sample using an objective with large numerical aperture of about 0.8. The emitted light was collected by the same objective, coupled into a singlemode optical fiber, and sent into a 0.5 m-long monochromator equipped with a 900 mm -1 grating and a Si-based charge-coupled device (CCD) camera. The SAWs were excited by applying an rf signal of the appropriate frequency to one of the IDTs using an rf generator connected to an amplifier (about 23 dB amplification power).
To detect SAW-induced changes in the PL spectra with the required large signal/noise ratio, we used the modulation method described in Ref. [22] . Here both, rf source and excitation laser, are amplitude-modulated with a modulation frequency of about 300 Hz. The spectra are recorded with SAW and laser excitation modulated out of phase, i.e., the sample is exposed to the laser when the rf signal is switched off (SAW-OFF spectrum, Ioff), as well as in phase under excitation of the sample when the rf signal is switched on (SAW-ON spectrum, Ion). We repeat accumulation sequences SAW-OFF -SAW-ON -SAW-ON − SAW-OFF over typically 20 times and average the corresponding ON and OFF measurements. This acquisition method increases the signal/noise ratio due to the long accumulation times and, most important, minimizes the effects of systematic temperature and laser power fluctuations.
The blue curve in Fig. 1(b) shows a typical PL spectrum of a h-BN flake, which consists of several sharp lines distributed along the visible spectral range (between 550 and 800 nm) [9, 10] . We observed similar sharp lines in the transferred h-BN films, cf. red curve in Fig. 1(b) , but with a much weaker emission intensity. There are several reasons for this weaker emission. First, the flakes were annealed to activate luminescent defects, while the films did not undergo such a process. Second, the flakes contain much more layers than the film. Therefore, the number of defects which are excited by the laser spot and emit light at a certain wavelength is expected to be larger in the flakes than in the film. Finally, the interaction of the defect centers with the LiNbO3 substrate may also play a role. It has been reported that electric-field-induced charging effects can tune the brightness of luminescent centers [19, 23, 24] . As LiNbO3 is a ferroelectric material, its spontaneous polarization fields could weaken the luminescence intensity of h-BN defects close to its surface. This effect is expected to affect the thin films more significantly than the flakes since the thicker flakes contain also defects in larger distance from the LiNbO3, which are therefore optically brighter. We interpret the broadening of the emission line as caused by the alternating compressive and tensile strain fields of the SAW. The periodic modulation of the crystal structure of the luminescent centers leads to the oscillation of their optical transition energies around the equilibrium value. As the acquisition time of the μ-PL spectra is much larger than the SAW period, the energy oscillation manifests as a broadening of the emission line and a reduction of its maximum intensity, as observed in Fig. 2(a) . To show more clearly the effect of the SAW, Fig. 2 (b) displays the differential spectrum, ΔI=Ion-Ioff, normalized to the peak intensity of Ioff. The maximum relative variation occurs at the center of the emission line and reaches an intensity suppression of about 50 %.
As LiNbO3 is a strong piezoelectric material, the SAW strain field is accompanied by an alternating electric field that could also, in principle, be responsible for the modulation of the emission line. It has recently been reported that electric fields of 1 GV/m can induce Stark shifts in the emission line of h-BN defect centers as large as 5.4 nm [19] . As the SAW-induced piezoelectric fields in LiNbO3 are typically on the order of 1 MV/m, this means that the expected Stark shifts are on the order of 5×10 -3 nm, which is 100 times smaller than the shifts observed in our experiment. Therefore, we can neglect the contribution of the SAW piezoelectric fields to the observed modulation. Figure 3 (a) displays several differential spectra (not normalized), recorded under different rf frequencies applied to the IDT that launches the SAW. Figure 3(b) compares the rf-power reflection coefficient, S11, of the IDT (black curve, measured using a vector network analyzer) with the frequency dependence of ΔI (red dots) at the center of the emission line, λc. Non-vanishing values of |ΔI(λc)| are only observed for rf frequencies within the minimum in the S11 spectrum, corresponding to the frequency range for efficient SAW excitation. Figure 4(a) shows the dependence of the ΔI spectrum on the nominal rf power applied by the rf generator. As expected, the amplitude of ΔI increases with the amplitude of the rf power. To estimate the strength of the acoustic coupling, we have fitted each differential spectrum to the following curve: (1)
Here, Δλ is the amplitude of the SAW-induced spectral oscillation, and [ , , , ] is a Lorentzian function whose amplitude, width and center (A, w and λc, respectively) are determined by fitting the corresponding Ioff spectrum for each rf power. Figure 4(b) displays the fitted values of Δλ as a function of the amplitude of the hydrostatic strain, 0 = + , at the surface of the LiNbO3 for the different nominal rf powers. Since the SAW is a Rayleigh mode, strain is generated along the x and z directions, but not along the y direction [25] . To determine the values for ε0, we first calculated the SAW power density from the nominal rf power applied to the IDT and the reflection coefficient of Fig. 3(b) . We then related the SAW power density to ε0 by solving numerically the coupled elastic and electromagnetic equations for the LiNbO3 substrate. As expected, Δλ increases linearly with ε0 at a rate of 12.9±0.2 nm per % of strain, which corresponds to a deformation potential of about 40 meV/%. This value is ten times larger than the ones reported under static strain [18] , but similar to the result recently obtained for SAW-modulated defects in h-BN powder [26] .
We would like to note that the quality of the physical contact between the flakes and the LiNbO3 substrate is critical for the coupling of the SAW into the h-BN. In addition, the amount of strain that can be transmitted from the bottom to the top of the multilayer flakes can be strongly limited due to the weak Van-der-Waals interaction between adjacent monolayers in 2D materials [18, 27] . Therefore, only a few of the studied emission centers effectively undergo the acoustic modulation.
Finally, we discuss the MBE-grown h-BN films. As mentioned before, the emission lines of these samples are surprisingly weak. In addition, they undergo significant spectral and intensity fluctuations (spectral diffusion). As an example, Fig. 5(a) shows a series of PL spectra recorded as a function of time (time delay of 20 s between two successive acquisitions) for a sharp peak emitting at 624 nm in the absence of SAWs. The emission wavelength fluctuates in time between 623.5 and 624.1 nm. The intensity of the emission line also fluctuates, and even disappears for some time, even though laser excitation density and sample temperature were kept constant during the experiment. Similar shifts in wavelength and intensity have also been reported in h-BN flakes and attributed to random changes in the charge state of shallow impurities or defects surrounding the studied emitter [13] .
The weak light emission and large spectral diffusion observed in the films masked the observation of the acoustic broadening reported above for the flakes. Under the application of the SAW, however, the lower wavelength line disappeared, as shown in Fig. 5(b) . We interpret this SAW-induced stabilization of the luminescence as a suppression by the SAW fields of the mentioned charge-state changes in the surrounding impurities or defects that lead to the spectral diffusion of the emitter. This result suggests that SAWs could be a helpful tool to reduce the energy fluctuation of the emission lines in the case of unstable emitters, as in our MBE-grown h-BN film.
In conclusion, we have investigated the interaction of SAWs with optically active defect centers in h-BN flakes and films transferred to the surface of LiNbO3. In the case of the flakes, we have demonstrated the modulation of the emission lines by the alternating acoustic field and estimated a deformation potential for the defects of about 40 meV/%. For the MBE-grown film, although the weakness of the emission lines and their strong spectral diffusion prevented us to observe the acoustically induced broadening, the presence of the SAW fields suppressed the spectral fluctuations, thus leading to a more stable optical emission of the centers. 
